Introduction
The primary function of haem peroxidases is generally considered to be the catalysis of the conversion of H202 into H20. However, these enzymes also have a much wider biological significance. This relates to the concomitant oxidative reactions that occur during catalysis and which involve biomolecules ranging from simple plant hormones to electron transfer proteins, depending on the particular system. In the plant peroxidases, for instance, reducing equivalents are provided by aromatic donor molecules AH,. The well characterized catalytic cycle includes two successive one-electron reduction steps which return the enzyme to the resting state following the formation of the high oxidation state intermediate, Compound I. Overall, the reaction catalysed by plant peroxidases can be written as H202 + 2AH2 * 2'AH + 2H,O [ 11. It is essentially this relationship which links peroxidases with hormone synthesis and degradation, examples being the plant peroxidases and indole acetic acid, prostaglandin endoperoxide synthase and eicosanoids, and thyroid peroxidase and thyroxine [2-41. In this context, there is considerable interest in understanding the structural features which characterize the interaction of haem peroxidases with other biomolecules.
Abbreviations used CCP, cytochrome c peroxidase;
HRP. horseradish peroxidase; HRP A2, C and E5, HRP peroxidase isoenzymes A2, C and E5 respectively; CIP, Coprinus cinereus peroxidase; NOE, nuclear Overhauser enhancement.
The purpose of this paper is to summarize progress made from past and continuing studies of the aromatic donor molecule binding sites of haem peroxidases, although the emphasis will be directed towards plant peroxidases. The latter are known to bind a wide spectrum of aromatic donor molecules, many of which form 1 : 1 complexes with peroxidase in the absence of HzO,. These are particularly suitable candidates for investigation by spectroscopic techniques [S-71. In contrast, it should be noted that other haem peroxidases such as cytochrome c peroxidase (CCP) interact with a macromolecule, in this case cytochrome c [8] . Site-directed mutagenesis has been used to modify this enzyme to provide an artificial cavity for small molecule binding [9] . One example is the W191G CCP mutant, which is found to contain a cavity at the site where a variety of imidazole derivatives are able to bind. Of related interest in the area of peroxidase interactions with biomolecules are the lignin peroxidases. These participate in the breakdown of the complex phenylpropanoid polymer, lignin, a process which is considered to involve mediation by veratryl alcohol (3,4-dimethoxybenzyl alcohol) [ lo].
A putative binding site for this aromatic molecule has already been proposed based on the lignin peroxidase crystal structure [ 113.
The aromatic donor molecule binding site of horseradish peroxidase Table I Summary of binding and structural data for complexes formed between HRP C and aromatic donor molecules
The data presented are derived from both optical and proton NMR studies. In each example, information relating to the resting state complex precedes that for the cyanide-ligated state. Dissociation constants were obtained using either optical or NMR methods. Distances reported under 'relaxation data' represent those between the haem iron atom and protons of the aromatic donor molecules, designated 'ArH', unless specifically assigned. Each nuclear Overhauser enhancement (NOE) constraint indicates a maximum interproton distance of 5 A between the protein amino acid side-chain or haem group substituent (given first) and the aromatic donor molecule proton. The NOE data were obtained from both one-dimensional and two-dimensional (NOESY) experiments. Note that the haem group protons designated C I8H, and C I 7IaH are equivalent to haem methyl 8-CH3 and haem propionate 7-H, respectively, in the older Fischer notation. A NOE connectivity with 'ArH' indicates that the aromatic donor protons were not specifically assigned in the complex. Phe A and Phe B are the phenylalanine side-chains of two residues participating in the binding site of aromatic donor molecules. Their sequence-specific assignment remains to be confirmed.
Aromatic donor molecule
Binding data Relaxation data NOE data Refs. been previously discussed [21] [22] [23] 251 . Although these data highlight some properties of the binding site, many questions remain unanswered. In the first instance it is necessary to obtain the specific assignment of amino acid sidechains participating in the site, a problem which is being tackled by the study of both related plant peroxidases and site-directed mutants of HRP C [26, 27] . There is also interest in the dynamic properties of the interaction between peroxidase and aromatic donor molecules. These and other points are illustrated with reference to the specific examples discussed in detail below.
NMR studies of the complex formed between ferulic acid and cyanideligated HRP C
The use of the cyanide-ligated form of HRP C for NMR studies of peroxidase complexes offers the advantage that the effects of donor molecule binding on haem and haem-linked resonances can be assessed using available proton assignments [28, 29] . A titration of cyanide-ligated HRP C with Intra-complex NOE connectivities are essentially conserved between resting and cyanideligated states, although in the latter a number of additional but weak connectivities were resolved [22] . Only the C2H proton of ferulic acid gave a detectable NOE connectivity to the haem methyl C18H3. It is also noteworthy that the NOE connectivities normally observed between haem methyl C18H3 and Phe A aromatic protons were absent in the complex [21] .
NMR studies of the complexes formed between benzhydroxamic acid and cyanide-ligated isoenzymes of HRP
Of all the donor molecule complexes of HRP C studied to date, that formed with benzhydroxamic acid is perhaps the most intriguing. Not only does this molecule bind more strongly to the resting and cyanide-ligated states of the enzyme than other donors (see Table l ), but it also alters the haem group from a five-coordinate high-spin to a sixcoordinate high-spin state, most probably with a water molecule acting as the sixth ligand at the unoccupied distal site [30] . When a titration of the cyanide-ligated enzyme with benzhydroxamic acid is followed using proton NMR (Figure 2 ) a number of key resonances are perturbed, notably those of haem methyl C 1 8H3, haem propionate C 17'"H, Arg-38, His-42 and an isoleucine methyl group (probably Ile-244) [22, 23] . Analysis of the lineshape and chemical shift changes for the haem methyl C18H3 group also supports the assertion that there are two possible binding modes for benzhydroxamic acid [23] . It is of interest to ascertain whether these observations are unique to isoenzyme C of HRP or, on the contrary, common to plant peroxidases in general. This can be assessed by performing similar experiments with a second plant peroxidase such as one of the acidic isoenzymes from horseradish, HRP A2.
Comparison of the amino acid sequences of isoenzymes A2 and C indicates that they show only 54% identity [31] . In fact, HRP A2 is closer to other acidic peroxidases such as tobacco peroxidase A than to HRP C. Reimann and Schonbaum reported that the binding of benzhydroxamic acid to the resting state of the acidic HFW isoenzyme, HRP A2, was a factor of lo3 weaker than for resting state HRP C [32] . The interaction between benzhydroxamic acid and cyanide-ligated HRP A2 is also different from that with cyanide-ligated HRP C, as analysis of the data in Figure 2 shows. One striking feature is the contrast between the haem C18H3 resonances in the spectra of the bound states of the
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Plant Peroxidases, Structure and Molecular Biology for HRP A2 and HRP C respectively. This can be clearly seen from comparison of the spectra in Figure 2 . Analysis of resonance lineshapes provides no evidence to suggest that benzhydroxamic acid adopts two binding modes in cyanide-ligated HRP A2, in marked contrast to cyanide-ligated HRP C [23] .
Dynamic aspects of aromatic donor molecule binding to HRP
One difficulty inherent in discussing the data in Figure 2 shows. The weaker perturbation of the same resonances in cyanide-ligated HRP C by ferulic acid may indicate that, in this case, interactions with binding site groups are primarily hydrophobic. It is likely that benzhydroxamic acid additionally engages in hydrogen-bonded interactions, and there is growing evidence that binding causes disruption or changes to the hydrogen bonding network linking the proximal and distal regions around the haem group [27, 34] . One additional factor which must directly influence the nature of donor binding is the participation of amino acid side-chains such as those of two Phe residues and one Ile residue already alluded to in the context of HRP C. As the same 'core' groups such as haem methyl C18H3, haem propionate C17"HH, and distal His-42 are always available to assist donor binding in peroxidases, it seems likely that other side-chains act as more subtle determinants, since they will not necessarily be conserved between different members of the plant peroxidase family. The sequence-specific identification of these side-chains is an area to which site-directed mutagenesis is able to make an important contribution, although only mutants of HRP C have been studied to date [26, 35, 36] .
NMR studies of HRP C mutants
A small number of HRP C mutants have been characterized by proton NMR and limited studies made of their interaction with benzhydroxamic acid [27] . Two of these, R38K and F41V HRP C, comprise substitutions to highly conserved residues in the immediate vicinity of the haem group and on the distal side of the haem plane. The resting state of R38K HRP C peroxidase does not bind benzhydroxamic acid while, in contrast, resting-state F41V HRP C binds it twice as strongly as the plant enzyme. A third mutant, F41W HRP C, also shows no affinity for benzhydroxamic acid [26, 36] 
Site-directed mutants of Copinus cinereus peroxidase
Coptinus cimm peroxidase (CIP) is a member of the class of fungal peroxidases and is also allied to the classical plant peroxidases within the plant peroxidase superfamily [38] . Site-directed mutants of this peroxidase have been examined by proton NMR in order to provide further insights into the nature of aromatic donor molecule binding [39] . In the first instance, substitutions have been made to residues located in three short peptide segments believed to control access of substrates to the haem site, a premise in agreement with analysis of the recent crystal structures solved for CIP [40, 41] . The three mutants G156F, N157F and G156F:N157F CIP, have Phe residues replacing Gly-156 and Asn-157. These residues are aligned with Phe-142 and Phe-143 of HRP C respectively, and additionally, Gly-156 is aligned with Phe-148 of lignin peroxidase, a residue in the predicted veratryl alcohol binding site [ll] . Comparison of NMR and reactivity data for the CIP mutants indicates once again that these residue positions only exert an indirect influence on substrate preference and binding [ 39,421.
Concluding remarks
A comprehensive description of the aromatic donor molecule binding site of plant peroxidases is a realistic goal through the use of a combination of NMR and other techniques to characterize wild-type and mutant enzymes. The analysis is complicated by the need to take into account the dynamic properties of peroxidase complexes, both from the point of view of exchange processes and the inherent mobility of binding site groups themselves. Hydrogen-bonded interactions are also of importance with certain classes of donor molecules such as the benzhydroxamic acids. This is highlighted by the inability of the R38K HRP C mutant to bind benzhydroxamic acid.
The binding site interactions between peroxidase and donor molecules exemplified by HRP C can be usefully divided into three categories or levels of significance. At the 'core' of the binding site is the so-called 'exposed' haem edge, including haem methyl C18H3, as well as the conserved residues Arg-38 and His-42. These groups are likely to play a major role in aromatic donor binding throughout all the plant peroxidases, although their degree of importance will depend to a certain extent on the specific chemical characteristics of the aromatic donor molecule. A second level of interaction includes amino acid side-chains such as those of Phe A and Phe B and the tentatively assigned Ile-244. These residues may be located in or adjacent to the three peptide segments proposed to be situated towards the entrance of the binding site and to control substrate access to the haem. The final level includes residues which are not directly implicated in aromatic donor molecule binding. These can be defined as a category on the basis of a lack of NOE connectivities between amino acid residue sidechains and donor molecules. Nevertheless, substitutions made to these residues result in changes to the affinity of binding of aromatic donor molecules and also perturb the chemical shift or linewidth of resonances of clearly identified binding site groups.
In the case of HRP C this category includes the side-chains of Phe-41 and Phe-142. How these effects are transmitted to the immediate region of the binding site is an important question in itself. Local conformational change induced by the substitution of one amino acid side-chain for another may be responsible, although this presupposes a degree of flexibility or mobility in the binding site as a whole. It may well be that a binding site with these characteristics is required to accommodate a wide variety of aromatic donor molecules, including those which are relatively bulky (such as the naphthohydroxamic acids [6] ), as well as those which can adopt two modes of binding. Differences in aromatic donor binding between plant peroxidases no doubt reflect changes in the binding site at the second and third levels. This is likely to be the explanation for the differences observed in the binding of benzhydroxamic acid by the two HRP isoenzymes, HRP A2 and HRP C.
The [6] and CIP [7] show that an extended H-bond network connects the proximal to the distal side of the haem cavity through the distal water molecules, the distal Arg, the propionate groups of the haem, and the proximal His H-bonded to the oxygen of an aspartic residue. Resonance Raman (RR) spectroscopy combined with site-directed mutagenesis is a powerful technique with which to elucidate the molecular interactions at the enzyme active site of haemoproteins. In fact, its selectivity and sensitivity allow one to obtain information on the haem prosthetic group which is the active site of the enzymes. The extended aromatic system of the porphyrin ring gives rise to two n + n* transitions at about 400 nm (Soret band) and 500-600 nm (Q band). Configuration interactions and vibronic mixing between these transitions produce different resonance effects in the RR spectra which can be selectively studied by exciting the samples with different excitation wavelengths. In particular, the 1300-1700 cm-' region of the RR spectra is characterized by strong bands, called core size marker bands, whose frequencies are markedly affected by the co-ordination, spin and oxidation state of the central Fe atom. In addition, the vibrational modes of the vinyl substituents, which are conjugated to the porphyrin n system, are observed [8] . In the Fe" 5-co-ordinate high-spin haems the v(Fe-Im) stretching mode gives rise to a fairly strong band. Its frequency provides information on the status of the bond to the proximal imidazole ligand. Therefore the frequencies of the RR active modes give important information on the porphyrin nuclear geometry and electronic structure.
The data obtained for the representatives of the three classes, CCP, CIP and HRP, together with several key single-site mutants in the haem cavity, will be analysed, and their results compared with the known X-ray structures.
Iron (111) proteins

CCP
The haem cavity structure of CCP is shown in Figure 1 [3] . The distal water molecule, W595, H-bonded to the Trp-51 indole side chain and to the water molecule in position 648 is located 2.4A above the Fe atom. The RR spectra of CCP obtained in solution at neutral pH [9] , and on the single crystal [lo] , are characteristic of 5-coordinate high spin (5-c HS) haem, clearly indicating that the distal water molecule is not co-ordinated to the haem iron.
Expression of CCP in Escherichia coli [CCP(MI)] resulted in no significant differences in the spectroscopic and functional properties of the Volume 23
